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(57) ABSTRACT

A sensor analysis computer device for analyzing particulate
matter is provided. The computer device includes at least
one memory and at least one processor in communication
with the at least one memory. The computer device is in
communication with a sensor configured to measure par-
ticulate matter. The at least one processor is programmed to
store a plurality of parameter data for the sensor including a
calibration factor, receive a plurality of sensor data from the
sensor, determine a present calibration factor based on the
plurality of parameter data and the plurality of sensor data,
determine an updated calibration factor for the sensor based
on the present calibration factor and the plurality of param-
eter data, and transmit the updated calibration factor to the
sensor, wherein the sensor is configured to adjust subsequent
sensor data based on the updated calibration factor.
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DESIGNS OF ACCURATE PM SENSORS AND
SYSTEMS FOR LABORATORY & REAL
TIME CALIBRATION / DATA INVERSION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority to
U.S. Provisional Patent Application No. 62/657,386, filed
Apr. 13, 2018, entitled “METHODS AND SYSTEMS FOR
PARTICULATE MATTER SENSOR CALIBRATION;,” the
entire contents and disclosure of which are hereby incorpo-
rated by reference in their entirety.

BACKGROUND OF THE INVENTION

[0002] The field of the invention relates generally to
analysis of particulate matter (PM) output, more specifically
to systems and methods for calibrating one or more particu-
late matter sensors for improved accuracy.

[0003] Particulate matter (PM) is ubiquitous in the envi-
ronment and is receiving significant attention due to poten-
tial impacts on health. Outdoor PM pollution can be attrib-
uted to gasoline exhaust, diesel emissions, biomass burning,
traffic-related pollutions, and industrial emissions. Indoor
PM is generally emitted from tobacco smoking, cooking,
wood burning, medical treatment, and outdoor PM penetra-
tion. Developing countries, such as India and China, have
had to cope with a challenging situation due to the adverse
effect of high PM level. For example, recent studies have
indicated that ambient air pollution accounts for 1.6 million
deaths every year in China and 4-6% of the Indian national
burden of disease. Indoor PM pollution increases the poten-
tial risk for chronic obstructive pulmonary disease and acute
respiratory infections. Most buildings have HVAC (heating,
ventilation and air conditioner) systems that filter the air in
the indoor environment. However, most systems do not take
into account the concentration of pollutants indoors, which
may fluctuate over time. By developing a real-time air
quality monitoring system, the HVAC system can operate
more efficiently. Therefore, distributed and real-time particle
concentration measurements are necessary to identify
hotspots indoors and provide information for the HVAC
system.

[0004] Since it is important to monitor PM concentrations,
many instruments have been developed, ranging from accu-
rate and expensive laboratory scale instruments to portable
instruments for field measurements. Field and laboratory
instruments that are compact typically rely on the measure-
ment of the optical scattering intensity of particles. The
governing principles of these instruments can be divided
into either single particle light scattering measurements or
total particle light scattering measurements; and they report
either the number or the mass concentration, respectively.
Portable instruments sacrifice some accuracy, but they are
more convenient and practical for field measurements.
[0005] While several portable instruments are available,
cost is still the major concern for deploying such real-time
monitoring network systems for indoor and outdoor air
quality measurements. Recently, a series of low-cost particle
sensors that operate by measuring the total particle light
scattering intensity are being touted for use. Their low price
(device cost in the range of 10 USD each) alleviates the
economic concerns in making widespread measurements in
large-scale environments, and their compact size makes
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them readily portable. These units could be assembled for a
total cost of 50 USD and used in a distributed manner. In
controlled laboratory tests, low-cost particle sensors have
shown high linearity and stability in comparison with com-
mercial instruments with a known particle size and compo-
sition. Several studies in the literature have reported the
combination of low-cost particle sensors with “smart” home
devices (e.g., temperature, humidity, carbon monoxide sen-
sors, cameras) to provide more comfortable and energy-
efficient homes and workplaces. Moreover, a few studies
also applied multiple sensors for outdoor or indoor air
quality measurements. One of the disadvantage is that the
response of the low-cost particle sensors varies with particle
composition and size distributions, which requires repeated
calibration to ensure reliable estimations of mass concen-
tration. However, there is no sufficient study of the reasons
and quantification for such variations; nor approaches pro-
posed to enhance the accuracy.

BRIEF DESCRIPTION

[0006] In one aspect, a sensor analysis computer device
for analyzing particulate matter is provided. The computer
device includes at least one memory and at least one
processor in communication with the at least one memory.
The computer device is in communication with a sensor
configured to measure particulate matter. The at least one
processor is programmed to store a plurality of parameter
data for the sensor including a calibration factor. The at least
one processor is also programmed to receive a plurality of
sensor data from the sensor. The at least one processor is
further programmed to determine a present calibration factor
based on the plurality of parameter data and the plurality of
sensor data. In addition, the at least one processor is pro-
grammed to determine an updated calibration factor for the
sensor based on the present calibration factor and the
plurality of parameter data. Moreover, the at least one
processor is programmed to transmit the updated calibration
factor to the sensor, wherein the sensor is configured to
adjust subsequent sensor data based on the updated calibra-
tion factor.

[0007] Inanother aspect a system for analyzing particulate
matter is provided. The system includes a plurality of
sensors configured to measure particulate matter and a
sensor analysis computer device in communication with the
plurality of sensors. The computer device includes at least
one memory and at least one processor in communication
with the at least one memory. The at least one processor is
programmed to store a plurality of parameter data for the
plurality of sensors including a calibration factor for each
sensor of the plurality of sensor. The at least one processor
is also programmed to receive a plurality of sensor data from
the plurality of sensors. The at least one processor is further
programmed to determine a plurality of correlations between
the plurality of sensors based on the plurality of sensor data.
In addition, the at least one processor is programmed to
update at least one of the plurality of calibration factors
based on the plurality of correlations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The Figures described below depict various aspects
of the systems and methods disclosed therein. It should be
understood that each Figure depicts an embodiment of a
particular aspect of the disclosed systems and methods, and
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that each of the Figures is intended to accord with a possible
embodiment thereof. Further, wherever possible, the follow-
ing description refers to the reference numerals included in
the following Figures, in which features depicted in multiple
Figures are designated with consistent reference numerals.
[0009] There are shown in the drawings arrangements
which are presently discussed, it being understood, however,
that the present embodiments are not limited to the precise
arrangements and are instrumentalities shown, wherein:
[0010] FIG. 1 illustrates a schematic diagram of an exem-
plary wireless sensor system in accordance with one
embodiment of the disclosure.

[0011] FIG. 2 illustrates a schematic diagram of a system
for analyzing the performance of the wireless sensor system
shown in FIG. 1.

[0012] FIG. 3 illustrates a graph of characteristic size
distributions of particles generated by the constant output
atomizer with different solutions using the system shown in
FIG. 2.

[0013] FIG. 4 illustrates a table of densities and size
distribution parameters of the particles generated from dif-
ferent solutions using the system shown in FIG. 2.

[0014] FIG. 5 illustrates a diagram of the working prin-
ciple and critical parameters of the sensor shown in FIG. 1.
[0015] FIGS. 6 (a), (¢), and (e) illustrate a plurality of
graphs illustrating scattered light intensity of a single par-
ticle as a function of particle diameter for NaCl particles,
sucrose particles, and SiO, particles, respectively.

[0016] FIGS. 6 (b), (d), and (f) illustrate a plurality of
graphs illustrating scattered light intensity of unit volume as
a function of particle diameter for NaCl particles, sucrose
particles, and SiO, particles, respectively.

[0017] FIG. 7 illustrates a plurality of graphs illustrating
example relationships of the calculated total scattered light
intensity and the mass concentration as a function of the
sensor outputs.

[0018] FIG. 8 illustrates a table including detail properties
of generated particles and fitting results for mass concen-
tration and calculated total scattered light intensity against
sensor signal output.

[0019] FIG. 9 illustrates a graph of Slope estimated from
Eq. (6) for lognormally distributed particles.

[0020] FIG. 10 illustrates a plurality of graphs of the
scattered light intensity of a single particle simulated by
MiePlot and fitted by Eq. (9) for NaCl, sucrose, SiO,, Fe, O,
Al,Oj;, and elemental carbon particles.

[0021] FIG. 11 illustrates a table of details of fitting i, as
a function of d,, in Bq. (10) for NaCl, sucrose, SiO,, Fe,0s,
Al,Oj;, and elemental carbon particles.

[0022] FIG. 12 illustrates a table of the parameters and
results of estimating calibration factor from Eq. (12).
[0023] FIG. 13 illustrates a simplified block diagram of an
exemplary particulate matter analysis system.

[0024] FIG. 14 illustrates an exemplary configuration of a
client computer device as shown in FIG. 13, in accordance
with one embodiment of the present disclosure.

[0025] FIG. 15 illustrates an exemplary configuration of a
server system as shown in FIG. 13, in accordance with one
embodiment of the present disclosure.

[0026] FIG. 16 illustrates a schematic of a system for
detecting particulate matter using a plurality of lasers.
[0027] FIG. 17 illustrates a detailed schematic diagram of
the system for detecting particulate matter as shown in FIG.
16.
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[0028] FIG. 18 illustrates a data flow diagram of the
algorithm for detecting particulate matter using the system
shown in FIGS. 16 and 17.

[0029] FIG. 19 illustrates a plurality of graphs of results of
using the system shown in FIGS. 16 and 17.

DETAILED DESCRIPTION

[0030] To overcome the limitations of the low-cost sensors
and other PM measurement techniques, this disclosure
describes systems and methods for evaluating the relation-
ship between particle composition, size, and signal outputs
of'a low-cost particle sensor. In the example embodiment, a
low-cost particle sensor is selected based on to its high
linearity and long-time operational stability in comparison
with reference instruments.

[0031] In one embodiment, experimental studies for cali-
bration are conducted in a chamber with known aerosols.
Mie and Rayleigh scattering expressions are used along with
the particle size distributions to predict the measured signals
of the low-cost particle sensors. The sensor signal output is
then correlated to the integrated information from more
sophisticated size distribution measurement instruments to
evaluate accuracy. Then, based on the light scattering theory,
an expression for a calibration factor (K) dependent on
refractive index and size distribution parameters (geometric
mean diameter, d,,, and geometric standard deviation, o)
was derived to predict the mass concentration and number
concentration from the sensor signal output.

[0032] FIG. 1 illustrates a schematic diagram of an exem-
plary wireless sensor system 100 in accordance with one
embodiment of the disclosure. In the exemplary embodi-
ment, the wireless sensor system 100 comprises a sensor 105
in communication with a controller 110. The controller 100
is also coupled to a wireless module 115. In the exemplary
embodiment, wireless module 115 is in communication with
at least one remote computer, such as particulate matter
analysis (PMA) server 710 (shown in FIG. 13).

[0033] Inthe exemplary embodiment, sensor 105 contains
an infrared emitting diode (IRED) and a phototransistor. The
IRED illuminates particles in the air flow based on the
waveform. For example, the IRED may illuminate particles
with a 10 ms pulse-driven waveform whose duty ratio is
0.032. Scattered light intensity is converted to a 0-3.5 V
analog signal by the phototransistor. In some embodiments,
the analog signal becomes fully developed within 0.28 ms,
so the voltage on the phototransistor is recorded at exactly
0.28 ms.

[0034] In some embodiments, a 5 V, 2x2 cm2 brushless
mini fan is attached to the back of the sensor 105 to allow
air flow through the aperture. If the sensor was attached on
the wall, the natural air convection of the sensor design is
limited. Therefore, the fan may be equipped with the sensor
to direct the air flow through the unit that introduces the
particles to the sensing region.

[0035] The wireless module 115 operates to allow wireless
communication. For example, the wireless module 115 is
configured with an operating frequency of 2.4 GHz, and a
transmission power output of 2 mW. In this example, the
range of indoor transmission is 30 meters, and the outdoor
free air range is 100 meters. The controller 110 is configured
to coordinate timing between the sensor 105 and the wireless
module 115. In some embodiments, the controller 110
powers the IRED in the sensor 105 with an accurate 10 ms
square waveform. The controller 110 then samples the
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voltage signal at 0.28 ms after the leading edge of the
waveform was detected. Then, the controller 110 converts
the analog voltage signal into a digital signal that can be sent
by the wireless module 115. In at least one embodiment, the
sampling interval of the controller is set to 2.5 seconds, and
every four samples were averaged before being transmitted
by the wireless module 115. In this embodiment, system 100
transmits a signal every 10 seconds and the remote computer
is able to store the signal in a log file.

[0036] It is important to ensure that the signal output can
be accurately used to determine the mass concentration by a
calibration factor. The signal from the sensor 105 is depen-
dent on the particle composition and size distribution. In
some embodiments, for the same mass concentration of
different particle types (e.g., NaCl, sucrose, and NH,NO;)
and size distributions (e.g., 300 nm, 600 nm, and 900 nm
polystyrene latex particles), the sensor signal outputs may be
different.

[0037] Insomeembodiments, a systematical calibration of
a sensor 105 may be carried out experimentally. Then, with
a proposed model, the response of the sensor 105 as a
function of particle composition and size distribution param-
eters would be studied. As described herein, experiments
were done with laboratory generated NaCl, sucrose, and
Si0, particles. Different sets of tests with various solution
concentrations were done to determine the effect of varying
size distributions on the measured signal outputs. The
experimental system is shown in FIG. 2.

[0038] FIG. 2 illustrates a schematic diagram of a system
for comparing the performance of the wireless sensor system
100 (shown in FIG. 1) with that of standard aerosol instru-
ments. A constant output atomizer 3076 produces small
particles (dp<600 nm) with an SMPS reference instrument.
[0039] Different concentrations of NaCl solutions, sucrose
solutions, and SiO, solutions were added in a constant
output atomizer to generate test aerosols with different size
distributions. NaCl solutions (0.507 mg mL-1, 1.087 mg
ml.-1, and 1.892 mg ml.-1) and sucrose solutions (1.150
mg ml.-1,3.325 mg mL-1, 4315 mg m[.-1) were prepared
by dissolving NaCl (reagent grade=98%, +80 mesh) and
sucrose (>>99.5%) in deionized water. SiO, solutions (1%
dispersion and 2% dispersion) were prepared by diluting
Si0O, solutions (40 wt. % suspension in H20, colloidal silica,
Sigma-Aldrich) with deionized water. The atomized par-
ticles were passing through a diffusion drier to remove the
water contents in the particles. Then, the dried particles were
sent to a cubic chamber (58 cmx58 cmx58 cm) through the
inlet tube at the top of the chamber. On the right side of the
chamber, a sensor 105 and a sampling tube that connected
the chamber with a scanning mobility particle sizer (SMPS)
were placed close to each other at the middle of the right
panel. The distance between the sensor 105 center and the
sampling tube was around 5 cm, small in comparison to the
width of the chamber (58 cm). Thus, the PM sampled by the
SMPS was assumed to be the same as that detected by the
sensor 105. The SMPS was operated with a three-minute
sampling interval to measure the size distributions (n,, (d,))
of the generated particles in the chamber. And as mentioned
before, the data log file of the sensor 105 had a 10-second
sampling interval. Therefore, every eighteen samples from
the sensor 105 were averaged to match the sampling interval
of the SMPS.

[0040] FIG. 3 illustrates a graph of characteristic size
distributions of particles generated by the constant output
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atomizer with different solutions using the system shown in
FIG. 2. FIG. 4 illustrates a table of densities and size
distribution parameters of the particles generated from dif-
ferent solutions using the system shown in FIG. 2. Two
critical parameters, the geometric mean diameter (d,,) and
the geometric standard deviation (0,) of each size distribu-
tion are reported in FIG. 4. The difference was not large
among the size distributions of particles generated from
atomizing sucrose and SiO, solution. This is mainly caused
by the larger standard deviations of the size distributions as
shown in FIG. 4, so that the size distributions were broad-
ened, covering each other.

[0041] From the experimental setup, the signal output
from sensor 105 and the size distribution from SMPS are
obtained. These are necessary to calculate the mass concen-
tration and the total scattered light intensity.

[0042] The mass concentrations (m,,,;) are calculated
based on the size distribution function, n, (d,), assuming that
all particles are spherical:

ndg Eq. 1
Mt = [ oy Sty ey

where p, is the particle density, d,, is the particle diameter. In
this embodiment, n,/d,) is measured by the SMPS as
described in FIG. 2.

[0043] FIG. 5 illustrates a diagram of the working prin-
ciple and critical parameters of the sensor 105 shown in FIG.
1. “PT” and “IRED” represent the phototransistor and the
infrared emitting diode respectively. The total scattered light
intensity (1), is calculated based on the working principle of
the sensor 105, as shown in FIG. 5. Total scattered light
intensity is a summation of the product of the scattered light
intensity of a single particle, i,,, and the size distribution
function, n,(d,):

I=Jigna(d,)*d(d,) Eq. 2

[0044] As shown in the right side of FIG. 5, iy, is the
scattered light intensity detected by the phototransistor when
a single particle passing through the measuring point. i, can
be determined by the structure of the sensor 105 and particle
properties. Structure parameters include, but are not limited
to: the scattering angle (0), the distance between the illu-
minated particles and the phototransistor (R), the wave-
length of light source (A), and the incident light intensity
(Iy). Particle properties include the particle size (d,) and the
refractive index (m). The refractive index can be expressed
as a combination of real and imaginary terms (m=m,,,—
m,,,..). However, particles pass the measuring point as a
combination of different particle diameters with different
number concentrations, rather than pass through the mea-
suring point one by one. The situation is shown in the left
side of FIG. 5. Therefore, i,, is coupled with n, (d,)-d(d,),
the number concentration of particles whose size is d,,. Then,
i,, is integrated from the minimum size to the maximum
size.

[0045] In one example, the sensor parameters are, 8=60°,
R=2 cm, A=860 nm, and m=1.536 (NaCl particles), 1.5376
(sucrose particles), and 1.486 (SiO, particles). The scattered
light intensity of a single particle (i,,) as a function of
particle diameter (d,) is calculated with the mentioned
constraints.
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[0046] A calibration factor (K) linking the mass concen-
tration (m,,,,;) with the sensor signal output (S) is defined as
follows:

mtotal:K(S_SO) Eq- 3

[0047] S, is a signal output obtained at a particle concen-
tration of zero due to a certain drift in the electronics of the
system. K, K., and K_, ,,, represent the calibration
factor fitted from the experimental results (K_,,) or calcu-
lated from the proposed model (K., s and K, ,,), respec-
tively. Mass concentration (m total) is calculated from Eq.
(1) with the n, (d,) measured by the SMPS and the p,
reported in FIG. 4. The sensor signal output (S) is recorded
in the log file on the remote computer. So, K, , can be
obtained by fitting experimental results into Eq. (3).
[0048] To further analyze how other parameters will influ-
ence the calibration factor, (S-S,) was expressed as a
function of the total scattered light intensity, I

(S=Sg)=nd Eq. 4

where 1) is the response coefficient of the sensor 105, which
is determined by the optical characteristics of the phototran-
sistor. In the exemplary embodiment, the value of n is
determined experimentally by calibration. With Eq. (4), Eq.
(3) can be rewritten as:

mtotal:nKI Eq- 5

[0049] According to Eq. (1) and Eq. (2), m,,,,; and I are
functions of n, (d,) and i,,. By substituting Egs. (1-2) into
Eq. (5), the calibration factor (K., ) can be expressed as Eq.
(6), which is dependent on the properties (density, size
distribution, and refractive index) of the measured PM.

ad’ Eq. 6
1 Miotat 1 fpand(dp)*d(dp)

Keq.6 e PYEPE—
n I 1 fipna(dy)«d(d,)

[0050] Egq. (6) indicates that the PM size distribution and
the PM properties have a complex influence on the calibra-
tion factor. To simplify the integration, lognormal size
distribution assumption and method of moments are applied
in the following derivation. The definition of lognormal size
distribution is described below, where N, o, and d,,
represent the total number concentration, the geometric
standard deviation, and the geometric mean diameter,
respectively.

e N (Ind,, — Ind,,,)? Eq. 7
1) = g e, T 2y
[0051] A method of moments is defined as:

M,=fd, n(d,)*d(d,) Eq.

where M, is the general moment of the particle size distri-
bution, where y represents the order of the moment. The
geometric standard deviation (0,) and the geometric mean
diameter (d,,.) can be used to express M, as shown in Eq. (9).
M, is the zeroth moment, which represents total number
concentration and M, can be cancelled out later.
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My ¥? Eq. 9
ln(ﬁo] =ylnd,, + Tm%—g

[0052] Inorderto apply the method of moments to Eq. (6),
apart from lognormal size distribution assumption, i,, needs
to be expressed as a polynomial function of particle size
(dp). Therefore, the relationship between i, and d,, is fitted
for the simplification. Eq. (10) is applied to describe the
relationship between i,, and d,. i, was enlarged with a
factor of 10*° to increase the accuracy of fitting since i ap Was
too small for calculation. The relationship between i, and d,,
can be divided into two ranges, proportional to d,° and d,,?
for small particles in the Rayleigh regime and large particles
in the geometric scattering regime, respectively. In some
embodiments the transition regime, Mie regime, can quan-
titatively cover the light scattering properties in the whole
size range.

1_a+b
gy di d§

Eq. 10

[0053] Eq. (10) could be further simplified as Eq. (11)
under the following two situations. When most of the
measured particles are small, Rayleigh regime will be the
dominate regime, and Eq. (10) can be simplified as Eq.
(11a). On the contrary, when the measured particles are
larger, geometric scattering regime will be the dominant
regime. Therefore, Eq. (10) can be simplified as Eq. (11b).

6 Eq. lla
igp = f when d,, is small and oy is small

2 Eq. 11b
igp = f the rest of the situations

[0054] The calibration factor (K., ,,) can be expressed as
Eq. (12) after plugging in Egs. (6, 8-11).

PpT Eq. 12a
o L omea 1 6™
@2 = F T = Mo
b
3indpg + St
1 ppbaMs 1 ppbr Mywe™pe7 27 %2
Tn TeMs 1 6 ¢ My = Ondpg +18in20g
L ppbr g~ ndpg— T2y
n 6
PpT Eq. 12b
1 My 1 TMS
Kegio=—= Tt T

92
pparMs 1 ppan Mo=e "pet 208
= — % *

6M, n 6

2,
M, *EGIndngSln Tg




US 2019/0317019 Al

[0055] The errors of the calibration factor predicted by the
proposed model (K, s and K., ,) can be calculated by Eq.

(13), regarding to the experimental results (K,,,).

Kexp — Kegs or Keg12 Eq. 13

€rror =
Kexp

[0056] A method of estimating number concentration with
given parameters is described below. Mass concentration
and number concentration are relevant to the third and the
zeroth moment of size distributions, respectively. In addi-
tion, the mass concentration may be derived from Eq. (3).
Therefore, the number concentration (M,) is a function of
calibration factor (K), sensor signal output (S), and size
(liiss)tribution parameters (0, and d,,) as shown in Egs. (14-

9
Mt = PL”MS _ P « M g tintog Eq. 14
6 6
6m, K(S -8, Eq. 15
N =My = toral . _ ( 03 q
P Alndpgt+3lntcg P Alndpgt3intcg
[0057] The number concentration estimated from Eq. (15)

is then compared with the number concentration measured
by the SMPS. The errors between the two values are
calculated with Bq. (16). Ngys and N, 5 represent the
number concentrations measured by the SMPS and evalu-
ated from Eq. (15), respectively.

Nourps — Neg.15 Eq. 16

CIror =
Nsatpsexp

[0058] FIGS. 6 (a), (¢), and (e) illustrate a plurality of
graphs illustrating scattered light intensity of a single par-
ticle as a function of particle diameter for NaCl particles,
sucrose particles, and SiO, particles, respectively. FIGS. 6
(b), (d), and (f) illustrate a plurality of graphs illustrating
scattered light intensity of unit volume as a function of
particle diameter for NaCl particles, sucrose particles, and
Si0, particles, respectively.

[0059] As shown in FIG. 6, the scattered light intensity of
a single particle (i) is plotted as a function of particle size
(d,). FIG. 6(a, c, and ¢) show the calculated scattered light
intensity of a single particle (i,,) as a function of particle
diameter (d,,). According to the plots, the slopes of the curve
change from 6 to 2 with increasing particle diameter on
logarithm scale, which demonstrated that i,, is proportional
to dp6 and dp2 for small and large particles respectively. This
linearity is consistent with the different light scattering
characteristics in the Rayleigh, Mie, and geometric scatter-
ing regimes. In the Rayleigh regime, the scattered light
intensity is proportional to dp6, while in the geometric
scattering regime, the scattered light intensity is proportional
to dpz. The transition regime between the above two regimes
is the Mie regime.

[0060] Since the final aim is to estimate the mass concen-
tration with the sensor signal output, the scattered light
intensity of unit volume is plotted against particle diameter
in FIG. 6(b, d, and f). The scattered light intensity of unit
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volume is calculated by dividing the calculated scattered
light intensity of a single particle (i,;,) by the volume of the
particle (ndp3/6). After assuming the density of the particle
(shown in FIG. 4) is a constant, the curves can be interpreted
as the scattered light intensity of unit mass. For NaCl,
sucrose, and SiO, particles, the peaks of responsive curve
occur around 600 nm to 1000 nm, which illustrates that the
sensor 105 is more sensitive to above range for mass
concentration prediction.

[0061] With i,, from FIG. 6 and n, (d,) from the SMPS,
calculated total scattered light intensity (I) and total mass
concentration (m,,,,;) is determined by Egs. (1-2).

[0062] FIG. 7 illustrates a plurality of graphs illustrating
the relationship of the calculated total scattered light inten-
sity and the mass concentration as a function of the sensor
outputs. Hollow symbols represent calculated scattered light
intensity for (a) NaCl particles, (c) sucrose particles, and (e)
Si02 particles. Solid symbols represent mass concentration
for (b) NaCl particles, (d) sucrose particles, and (f) SiO2
particles. (g) and (h) are combinations of (a, ¢, and ) and (b,
d, and 1) respectively.

[0063] FIG. 7 shows the plots of the calculated total
scattered light intensity (I) and the total mass concentration
(m,,,,;) versus the signal output (S) over the range of
measurements. The parameters: slope, intercept, and R* for
the various cases are shown in columns 3-6 of FIG. 8.
Column 3 and column 4 report the fitting equations and the
R? values of the calculated total scattered light intensity (I)
versus the sensor signal output (S), while column 5 and
column 6 report the fitting equations and the R? values of the
total mass concentration (m,,,,;) versus the sensor signal
output (S). The R? values are larger than 0.951 in all separate
tests, illustrating that the sensor signal outputs are propor-
tional to both the mass concentration and the calculated
scattered light intensity.

[0064] However, while plotting experiments of a same
component with different concentrations on one graph, the
calculated total scattered light intensities line up on a single
straight line against sensor output, as shown in FIG. 7.
[0065] In FIGS. 7(a)-7(f), the fitting equations and the R?
values are obtained by combining all tests of the same
composition, while FIG. 7(g, #) illustrate the fitting results
of all tests from all compositions. In detail, the R? values of
calculated scattered light intensity (FIG. 7(a, ¢)) are larger
than the R? values of mass concentration (FIG. 7(b, d)) for
NaCl and sucrose tests. The R values are comparable for the
Si0, tests (FIGS. 7(e, f)). In FIG. 7(g, &), the R, value for
scattered light intensity (FIG. 7(g)) is significantly larger
than the R? value for mass concentration (FIG. 7(k)) after
plotting all measurement data together. This indicates a
greater correlation between the signal output and the total
calculated scattered light intensity. On the contrary, when
estimating the total mass concentration from the signal
output, although high linearity was preserved in the separate
tests (selected size distributions), the intercept and the
calibration factor (K,,,) changed with the particle size
distributions and the particle composition.

[0066] Apart from reporting the fitting results, FIG. 8 also
includes the estimated calibration factor calculated from Eq.
(6) in column 8. Test 2 (NaCl 1.087 g cc™%) is chosen as
calibration to calculate the response coefficient (n) due to its
highest R? value for both mass fitting and intensity fitting.
After substituting the density (p,=2.16 g cc™h), the size
distribution parameters (d,,=119.55 nm, 0,=1.69), and the
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scattered light intensity (i,,) into Eq. (6), m is equal to
3.85x10'°. By combining the value of m and Eq. (6), the
calibration factor of each test can be estimated. To evaluate
the accuracy of Eq. (6), the errors between the calibration
factor from experiments (K,,,) and the calibration factor
from Eq. (6) (K, ) are calculated with Eq. (13) and
reported in column 9 of FIG. 8. The error range of K 5 can
be controlled within £30% except for Test 5. The calibration
factor from the mass fitting result of Test 5 (K,,,=2.44) was
the smallest within seven tests. Based on the error range Eq.
(6) can used to provide moderate accuracy for calibration
factor estimation.

[0067] As presented in FIGS. 7 and 8, the calibration
factor is not universal for all aerosols, but depends on the
size distribution parameters and particle composition (re-
fractive index). To further analyze how these parameters
would influence the calibration factor, a lognormal distribu-
tion is assumed as shown in Eq. (7). The size distribution
generated by Eq. (7) is plugged into Eq. (6) to evaluate the
influence of each parameter. By assuming lognormal param-
eters, Ino, ranging from 0.1 to 0.7 and d,,, ranging from 0.2
to 2 um respectively, the calibration factor of various size
distributions for NaCl particles, sucrose particles, and SiO2
particles is simulated as shown in FIG. 9.

[0068] FIG. 9 illustrates a graph of Slope estimated from
Eq. (6) for lognormally distributed particles. Black, red, and
green lines represent NaCl, sucrose, and SiO2 particles
respectively. Solid, dash, dot, and dash dot lines represent
Ino, equal to 0.1, 0.3, 0.5, and 0.7 respectively. The values
of calibration factors significantly differ from various com-
binations of Ino, and d,,_. FIG. 9 could be used for estimat-
ing how much error will be created by a one-time calibra-
tion. For example, if the sensor 105 is calibrated with SiO,
particles (Ino,=0.7, d,=1.0 um), then, the error can be
controlled within +60% while using this calibration factor to
measure particles ranges from 0.1-2.0 um whose Ino, is 0.7.
However, if the sensor 105 is calibrated with NaCl particles
(Ino,=0.1, dp=0.6 um), then, the error would be enlarged to
+700% while using this calibration factor to measure par-
ticles ranges from 0.1-2.0 pm whose Ino, is 0.1.

[0069] Furthermore, two rules can be summarized to
describe the variation. First, with a small Ino, value, the
calibration factor is nonmonotonically related to the d,,
value. Generally, the calibration factor initially decreases
with the increasing d,, value. However, after the turning
point, the calibration factor increases with the increasing d,,,
value in the successive stage. Second, for a larger Ino,, value,
the calibration factor is a monotonic function of d,,, and it
increases with increasing d,, value. The above two rules are
common for NaCl, sucrose, and SiO, particles.

[0070] In view of the above rules, i, is simplified as a
function of particle diameter (d,). The details of fitting i,
with d,, for values of a and b with six types of substances—
NaCl, sucrose, SiO,, elemental carbon, Al,O;, and Fe,O,
are shown in FIG. 10. FIG. 10 illustrates a plurality of graphs
of the scattered light intensity of a single particle simulated
by MiePlot and fitted by Eq. (9) for NaCl, sucrose, SiO,,
Fe,0;, Al,O;, and elemental carbon particles. i,, for ele-
ment carbon whose refractive index has an imaginary part is
slightly different from others. The parameters, a, b, and R>
vary with the refractive indices of the different materials for
each set are listed in FIG. 11. The R? values vary from
0.7313 to 0.983. Element carbon demonstrated the highest
R? value, as the imaginary part reduced the wrinkle of the i ip
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curve, which improved the accuracy of fitting. For other
species, lower R? values result from the fluctuation of the i ip
curve.

[0071] FIG. 11 illustrates a table of details of fitting i, as
a function of d,, in Eq. (10) for NaCl, sucrose, SiO,, Fe,0s,
Al,O;, and elemental carbon particles. FIG. 12 illustrates a
table of the parameters and results of estimating calibration
factor from Eq. (12). Regarding the fitting results as shown
in FIGS. 11 and 12, Eq. (10) is capable of depicting the
correlation between i,, and d,,. i,, is proportional to the dp6
and dp2 for small particles and large particles respectively,
which leads to the phenomena illustrated in FIG. 9. For
small Ino,, the feature of the aerosol whose geometric mean
diameter 1s d__ is similar to the feature of monodisperse
particles with only size d,_, so Eq. (6) can be simplified as

rg’
Eq. (17).
ad? xd Eq. 17
| f ppnady) dd) | Np,
K=—-x - —
1 [fipna(dy)«d(dy) o igph
d>
L N
= — % —
n igpN

where i,,, is the scattered light intensity of particles whose
size equals to d,,,. When d,, is small, K is proportional to
dpg‘3, where K decreases with increasing d,,. After some
turning point, d,, is large enough to fall in the range where
i,, is proportional to the dpz, so K is proportional to d,, and
increases with increasing dpg. However, when Ino, is larger,
the characteristics mentioned above will disappear since the
particles tend to be distributed evenly through the size range
rather than monodisperse. Under this situation, the larger
particles under the size distribution are more influential, so
i,, 1s approximately proportional to the dpz, so K is propor-
tional to d,,, and increases with increasing d,,.

[0072] Apart from qualitatively explaining the trends in
FIG. 9, the method of moments and further simplification of
i,, are applied to overcome the disadvantage of repeated
calibration.

[0073] Asshownin Eq. (11), Eq. (10) can be simplified for
small and large particles separately. With Eq. (11), Eq. (6) is
further simplified as Eq. (12). An expression for K as a
function of geometric mean diameter, geometric standard
deviation, and refractive index is established by assuming
lognormal distribution, as shown in Eq. (12). While some
information (o,, d,,, and m) will need to be known for
determining the value of K. In some embodiments, estimates
are inferred for a specific type of aerosol in a region. In other
embodiments, Eq. (12a) is applied when most of particles
are smaller than 0.5-0.8 um. Eq. (12b) is applied when most
of particles are larger than 0.5-0.8 um. Generally, using Eq.
(12a) or Eq. (12b) is determined based on the particle size
distribution parameters.

[0074] To validate the equations, Eq. (12) may be applied
to the experimental results with the previously calculated
parameters. 1) is still equal to 3.85x10"°. The values of a and
b for each composition are from FIG. 11. The density and
size distribution parameters for each experiment are from
FIG. 4. Since NaCl solutions produced particles with smaller
o, and d,., Bq. (12a) is applied to Tests 1-3. Compared to

rg’
NaCl particles, sucrose and SiO, solutions generated par-
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ticles with larger o, and d,,., so Eq. (12b) is applied to Test
4-8. The calibration factor estimated from Egs. (12) (K., ;5)
is listed in FIG. 12. The errors between K, and K, , , were
calculated with Eq. (13) and listed in the last column of FIG.
12. The errors can be controlled within £40%, which pro-
vides Eq. (12) with reasonable accuracy.

[0075] One thing worth noting is that one-time calibration
probably would introduce serious errors for mass concen-
tration estimation. For example, if the sensor 105 is just
calibrate once and uses the calibration factor of Test 5
(K,p=2.44) for other measurements, the errors will be
enlarged to —422.13% for the aerosol from Test 3 (K, =12.
74). And compared to this, the errors of the proposed model
are reasonable and acceptable. In general, the calibration
factor can be adjusted according to former calibration results
and three parameters (m, o,, and d,,.) for mass concentration
estimation.

[0076] As described above, with an estimation of size
distribution parameters, the calibration factor can be pre-
dicted with moderate accuracy. Furthermore, with known
parameters, number concentrations can be derived from Eq.
(15). With Eq. (15) and the calibration factor from Eq. (12),
the number concentrations for each experiment may be
calculated.

[0077] The calibration method presented here for estimat-
ing mass concentration and number concentration requires
particle properties and size distributions. However, the
adjusted calibration factor increases the data accuracy for
mass concentration. Furthermore, the number concentration
is critical for practical use too. Both the improved data
quality and additional number concentration will benefit the
field measurements.

[0078] The calculated total scattered light intensity based
on scattering theories is correlated to the experimentally
measured signals from the low-cost particle sensor. There is
also a dependency on the size distribution and the compo-
sition of the particles. The sensor signal outputs were not
well correlated to the mass concentration.

[0079] The model proposed to determine the calibration
factor (K) which would provide a more accurate estimate of
the mass concentrations from the signal outputs. Based on
the proposed model, an equation for K as a function of the
refractive index and the size distribution parameters (geo-
metric standard deviation and geometric mean diameter) is
derived. The use of this value of K results in a better
accuracy in the estimation of the mass concentration; and
additionally, could be used to provide an estimate of the
number concentration.

[0080] In the exemplary embodiment, a model for deter-
mining a calibration factor (the slope, K) to provide an
improved accuracy estimate of the mass concentration from
the signal output of a sensor. Based on the model, an
equation for K as a function of the refractive index and the
size distribution parameters (geometric standard deviation
and geometric mean diameter) is derived. The value of K
improves the accuracy of the estimation of mass concentra-
tion, and additionally can be used to provide an estimate of
the number concentration.

[0081] In the exemplary embodiment, the mass concen-
tration (m,,,,;) and total scattered light intensity are calcu-
lated. The mass concentrations (m,,,,;) is calculated based
on the size distribution function, n,(d,), assuming that all
particles are spherical using Eq. (1). Where p,, is the particle
density, d,, is the particle diameter. n (d, ) is measured by the
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SMPS as described above. The total scattered light intensity
(), was calculated based on the size distribution function,
n,{d,), and the scattered light intensity of a single particle,
i,, using Eq. (2).

[0082] i, is obtained by the Rayleigh, Mie, and geometric
scattering theory. The following parameters determine the
i, the scattering angle (8), the distance between the illu-
minated particles and the phototransistor (R), the wave-
length of light source (1), the refractive index (m) and the
incident light intensity (I,), which are shown in FIG. 5. The
refractive index (m=m,,,,~m,,, 1) can be expressed as a
combination of real and imaginary terms.

[0083] A factor, K, linking the mass concentration (m)
with the sensor output (S) is defined in Eq. (3). S, is a signal
output obtained at a particle concentration of zero due to a
certain drift in the electronics of the system. The factor K is
a function of the refractive index and size distribution of the
aerosol. To derive an expression for K, (S-S,) is first
expressed as a function of the total scattered light intensity,
1, as shown in Eq. (4). In Eq. (4), 1 is the response coeflicient
of the sensor, which is determined by the optical character-
istics of the phototransistor. The value of | may vary with
each individual sensor but can be determined by calibration.
With Eq. (4), Eq. (3) can be written as Eq. (5). According to
Eq. (1) and Eq. (2), m,,,,; and I are functions of the size
distribution and refractive index. By plugging Egs. (1-2) into
Eq. (5), K can be expressed as shown in Eq. (6). The ratio
of m,,,, to I is dependent on the properties (density, size
distribution, and refractive index) of the measured PM.
[0084] In some embodiments, a plurality of low cost
sensors, such as sensor 105, are set-up in an array to
communicate with the PMA server 710. In these embodi-
ments, the PMA server 710 uses readings from the different
sensors 105 in the array to calibrate the sensors. In some
further embodiments, the sensors 105 are configured to
cross-talk with each other and provide calibration informa-
tion. The array of sensors is used to generate a spatial
temporal map of particulate matter and air quality.

[0085] In other embodiments, a high quality sensor is used
to provide compensation data to a low cost sensor array. In
some embodiments, the high quality sensor may be mobile.
[0086] In a further embodiment, one or more sensors are
calibrated based on multiple wavelengths.

[0087] In still a further embodiment, one or more low cost
sensors are added to one or more mobile devices, such as
drones. The mobile device travel around an area (indoor and
outdoor) to map air quality. In some embodiments, the
mobile device may map out the different concentrations of
particulate matter in the area of a fire to generate a path of
least PM for a firefighter to travel along.

[0088] In even further embodiments, the low-cost sensor
is pre-calibrated in the lab prior to installation. This preca-
libration is done based on laboratory measurements of
particles and the individual sensor.

[0089] FIG. 13 depicts a simplified block diagram of an
exemplary particulate matter analysis (PMA) computer sys-
tem 700 for performing analysis of PM sensor output. In the
exemplary embodiment, system 700 may be used for ana-
lyzing sensor data from multiple PM sensors. As described
herein in more detail, a particulate matter analysis (“PMA™)
server 710 (also known as a PMA computer device 710),
may be configured to (i) receive a plurality of sensor data
from a plurality of sensors; (ii) determine a plurality of
correlations between the plurality of sensors based on the
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plurality of sensor data; (iii) generate a calibration factor for
each of the plurality of sensors based on the plurality of
correlations; and (iv) transmit the calibration factor to the
corresponding sensors.

[0090] In the exemplary embodiment, sensors 705 are
devices that measure parameters or characteristics. In some
embodiments, sensors 705 are similar to sensors 105, shown
in FIG. 1. In the exemplary embodiment, sensors 705
include particulate matter sensors and include an infrared
emitting diode (IRED) and a phototransistor. The IRED
illuminates particles in the air flow based on the waveform.
For example, the IRED may illuminate particles with a 10
ms pulse-driven waveform whose duty ratio is 0.032. Scat-
tered light intensity is converted to a 0-3.5 V analog signal
by the phototransistor. Sensors 705 measure attributes,
parameters, and/or characteristics and transmit that data to a
remote computer device, such as PMA server 710. In some
embodiments, sensors 705 monitor PM in either indoors or
outdoors environments.

[0091] In the exemplary embodiment, sensors 705 include
code or a software application, which enables sensors 705 to
transmit data to remote computer devices, such as PMA
server 710, using the Internet or other network. More
specifically, sensors 705 are communicatively coupled to
PMA server 710 through many interfaces including, but not
limited to, at least one of hard wired connections, the
Internet, a network, such as the Internet, a local area network
(LAN), a wide area network (WAN), or an integrated
services digital network (ISDN), a dial-up-connection, a
digital subscriber line (DSL), a cellular phone connection,
and a cable modem. Sensors 705 may capture numerical
data, categorical data, image data, and sound data. Sensors
705 may capture data continuously over time. Sensors 705
may also capture data at one or more discrete intervals of
time. Sensors 705 capture data directly, through wires,
and/or through wireless connections, such as those described
above.

[0092] In the exemplary embodiment, user computer
devices 725 are computers that include a web browser or a
software application, which enables user computer devices
725 to access remote computer devices, such as PMA server
710, using the Internet or other network. More specifically,
user computer devices 725 may be communicatively
coupled to the Internet through many interfaces including,
but not limited to, at least one of a network, such as the
Internet, a local area network (LAN), a wide area network
(WAN), or an integrated services digital network (ISDN), a
dial-up-connection, a digital subscriber line (DSL), a cellu-
lar phone connection, and a cable modem. User computer
devices 725 may be any device capable of accessing the
Internet including, but not limited to, a desktop computer, a
laptop computer, a personal digital assistant (PDA), a cel-
Iular phone, a smartphone, a tablet, a phablet, wearable
electronics, smart watch, or other web-based connectable
equipment or mobile devices.

[0093] A database server 715 is communicatively coupled
to a database 720 that stores data. In one embodiment,
database 720 may include sensor data, non-sensor data,
calibration parameters, and weights. In the exemplary
embodiment, database 720 is stored remotely from PMA
server 710. In some embodiments, database 720 is decen-
tralized. In the exemplary embodiment, a user, may access
database 720 via user computer device 725 by logging onto
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PMA server 710, as described herein. In some embodiments,
database 720 includes any computer server, cloud or other
digital data storage device.

[0094] PMA server 710 may be in communication with a
plurality of sensors 705 and a plurality of user computer
devices 725 to analyze the output of multiple sensors 705.
[0095] FIG. 14 depicts an exemplary configuration of
client computer device, in accordance with one embodiment
of the present disclosure. User computer device 802 may be
operated by a user 801. User computer device 802 may
include, but is not limited to, system 100, (shown in FIG. 1)
sensor 705 and user computer devices 725 (both shown in
FIG. 13). User computer device 802 may include a processor
805 for executing instructions. In some embodiments,
executable instructions may be stored in a memory area 810.
Processor 805 may include one or more processing units
(e.g., in a multi-core configuration). Memory area 810 may
be any device allowing information such as executable
instructions and/or transaction data to be stored and
retrieved. Memory area 810 may include one or more
computer readable media.

[0096] User computer device 802 may also include at least
one media output component 815 for presenting information
to user 801. Media output component 815 may be any
component capable of conveying information to user 801. In
some embodiments, media output component 815 may
include an output adapter (not shown) such as a video
adapter and/or an audio adapter. An output adapter may be
operatively coupled to processor 805 and operatively
coupleable to an output device such as a display device (e.g.,
a cathode ray tube (CRT), liquid crystal display (LCD), light
emitting diode (LED) display, or “electronic ink™ display) or
an audio output device (e.g., a speaker or headphones).
[0097] In some embodiments, media output component
815 may be configured to present a graphical user interface
(e.g., a web browser and/or a client application) to user 801.
A graphical user interface may include, for example, an
interface for viewing sensor data. In some embodiments,
user computer device 802 may include an input device 820
for receiving input from user 801. User 801 may use input
device 820 to, without limitation, select a sensor to review.
[0098] Input device 820 may include, for example, a
keyboard, a pointing device, a mouse, a stylus, a touch
sensitive panel (e.g., a touch pad or a touch screen), a
gyroscope, an accelerometer, a position detector, a biometric
input device, and/or an audio input device. A single com-
ponent such as a touch screen may function as both an output
device of media output component 815 and input device
820.

[0099] User computer device 802 may also include a
communication interface 825, communicatively coupled to
aremote device such as PMA server 710 (shown in FIG. 13).
Communication interface 825 may include, for example, a
wired or wireless network adapter and/or a wireless data
transceiver for use with a mobile telecommunications net-
work.

[0100] Stored in memory arca 810 are, for example,
computer readable instructions for providing a user interface
to user 801 via media output component 815 and, optionally,
receiving and processing input from input device 820. A user
interface may include, among other possibilities, a web
browser and/or a client application. Web browsers enable
users, such as user 801, to display and interact with media
and other information typically embedded on a web page or
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a website from PMA server 710. A client application may
allow user 801 to interact with, for example, PMA server
710. For example, instructions may be stored by a cloud
service, and the output of the execution of the instructions
sent to the media output component 715.

[0101] FIG. 15 depicts an exemplary configuration of
server system, in accordance with one embodiment of the
present disclosure. Server computer device 901 may include,
but is not limited to, PMA server 710 and database server
715 (both shown in FIG. 13). Server computer device 901
may also include a processor 905 for executing instructions.
Instructions may be stored in a memory area 910. Processor
905 may include one or more processing units (e.g., in a
multi-core configuration).

[0102] Processor 905 may be operatively coupled to a
communication interface 915 such that server computer
device 901 is capable of communicating with a remote
device such as another server computer device 901, PMA
server 710, sensor 705, and user computer device 725 (both
shown in FIG. 13) (for example, using wireless communi-
cation or data transmission over one or more radio links or
digital communication channels). For example, communi-
cation interface 915 may receive requests from user com-
puter devices 725 via the Internet, as illustrated in FIG. 13.

[0103] Processor 905 may also be operatively coupled to
a storage device 934. Storage device 934 may be any
computer-operated hardware suitable for storing and/or
retrieving data, such as, but not limited to, data associated
with database 720 (shown in FIG. 13). In some embodi-
ments, storage device 934 may be integrated in server
computer device 901. For example, server computer device
901 may include one or more hard disk drives as storage
device 934.

[0104] In other embodiments, storage device 934 may be
external to server computer device 901 and may be accessed
by a plurality of server computer devices 901. For example,
storage device 934 may include a storage area network
(SAN), a network attached storage (NAS) system, and/or
multiple storage units such as hard disks and/or solid state
disks in a redundant array of inexpensive disks (RAID)
configuration.

[0105] In some embodiments, processor 905 may be
operatively coupled to storage device 934 via a storage
interface 920. Storage interface 920 may be any component
capable of providing processor 905 with access to storage
device 934. Storage interface 920 may include, for example,
an Advanced Technology Attachment (ATA) adapter, a
Serial ATA (SATA) adapter, a Small Computer System
Interface (SCSI) adapter, a RAID controller, a SAN adapter,
a network adapter, and/or any component providing proces-
sor 905 with access to storage device 934.

[0106] Processor 905 may execute computer-executable
instructions for implementing aspects of the disclosure. In
some embodiments, the processor 905 may be transformed
into a special purpose microprocessor by executing com-
puter-executable instructions or by otherwise being pro-
grammed. For example, the processor 905 may be pro-
grammed with the instructions.

[0107] FIG. 16 illustrates a schematic of a system for
detecting particulate matter using a plurality of lasers.
[0108] FIG. 17 illustrates a detailed schematic diagram of
the system for detecting particulate matter as shown in FIG.
16.
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[0109] FIG. 18 illustrates a data flow diagram of the
algorithm for detecting particulate matter using the system
shown in FIGS. 16 and 17. In this algorithm, d, is known
from the time-of-flight measurement. Simultaneously, pulse
height is determinable that denotes 1., L,..,, and I,,,..
Then the refractive index (m) is determined based on I,
Igreen’ and Iblue'

[0110] FIG. 19 illustrates a plurality of graphs of results of
using the system shown in FIGS. 16 and 17.

[0111] As shown in FIGS. 16 through 19, in another
embodiment of the PM sensor, a multiwavelength system is
developed. This includes 3 lasers providing 3 different
scattering signals off the same particle. An innovative flow
system based on the inertial behavior of particles is used to
ensure that particles enter the optical view volume, one at a
time, resulting in a signal as shown in the inset figure. Based
on the time measurement of the peaks, an equation is
developed to obtain the size independently. The three scat-
tering intensity signals are then inverted by a unique algo-
rithm. The use of three wavelengths thus enhances the
accuracy of the signal. Then, using the algorithms and
Mieplot, one can establish the refractive index of the par-
ticle. Using a database of refractive indices, the type of
particle can be established—e.g. silica, carbonaceous, or
heavy metals, etc. by use of a machine learning algorithm.
Thus, this embodiment not only enhances the accuracy, but
provides the size distribution and chemical composition.
[0112] At least one of the technical solutions to the tech-
nical problems provided by this system may include: (i)
improved accuracy of PM sensors, (ii) low-cost solutions for
PM sensors, and (iii) providing arrays of lower cost sensors
instead of expensive high resolution sensors.

[0113] The methods and systems described herein may be
implemented using computer programming or engineering
techniques including computer software, firmware, hard-
ware, or any combination or subset thereof, wherein the
technical effects may be achieved by performing at least one
of the following steps: (a) receive a plurality of sensor data
from a plurality of sensors; (b) determine a plurality of
correlations between the plurality of sensors based on the
plurality of sensor data; (c) generate a calibration factor for
each of the plurality of sensors based on the plurality of
correlations; and (d) transmit the calibration factor to the
corresponding sensors.

[0114] The computer-implemented methods discussed
herein may include additional, less, or alternate actions,
including those discussed elsewhere herein. The methods
may be implemented via one or more local or remote
processors, transceivers, servers, and/or sensors, and/or via
computer-executable instructions stored on non-transitory
computer-readable media or medium.

[0115] Additionally, the computer systems discussed
herein may include additional, less, or alternate functional-
ity, including that discussed elsewhere herein. The computer
systems discussed herein may include or be implemented via
computer-executable instructions stored on non-transitory
computer-readable media or medium.

[0116] A processor or a processing element may employ
artificial intelligence and/or be trained using supervised or
unsupervised machine learning, and the machine learning
program may employ a neural network, which may be a
convolutional neural network, a deep learning neural net-
work, or a combined learning module or program that learns
in two or more fields or areas of interest. Machine learning
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may involve identifying and recognizing patterns in existing
data in order to facilitate making predictions for subsequent
data. Models may be created based upon example inputs in
order to make valid and reliable predictions for novel inputs.
[0117] Additionally or alternatively, the machine learning
programs may be trained by inputting sample data sets or
certain data into the programs, such as image data, text data,
report data, and/or numerical analysis. The machine learning
programs may utilize deep learning algorithms that may be
primarily focused on pattern recognition, and may be trained
after processing multiple examples. The machine learning
programs may include Bayesian program learning (BPL),
voice recognition and synthesis, image or object recognition,
optical character recognition, and/or natural language pro-
cessing—either individually or in combination. The
machine learning programs may also include natural lan-
guage processing, semantic analysis, automatic reasoning,
and/or machine learning.

[0118] In supervised machine learning, a processing ele-
ment may be provided with example inputs and their asso-
ciated outputs, and may seek to discover a general rule that
maps inputs to outputs, so that when subsequent novel inputs
are provided the processing element may, based upon the
discovered rule, accurately predict the correct output. In
unsupervised machine learning, the processing element may
be required to find its own structure in unlabeled example
inputs. In one embodiment, machine learning techniques
may be used to extract data about the computer device, the
user of the computer device, the computer network hosting
the computer device, services executing on the computer
device, and/or other data.

[0119] Based upon these analyses, the processing element
may learn how to identify characteristics and patterns that
may then be applied to training models, analyzing sensor
data, and detecting abnormalities.

[0120] As will be appreciated based upon the foregoing
specification, the above-described embodiments of the dis-
closure may be implemented using computer programming
or engineering techniques including computer software,
firmware, hardware or any combination or subset thereof.
Any such resulting program, having computer-readable code
means, may be embodied or provided within one or more
computer-readable media, thereby making a computer pro-
gram product, i.e., an article of manufacture, according to
the discussed embodiments of the disclosure. The computer-
readable media may be, for example, but is not limited to, a
fixed (hard) drive, diskette, optical disk, magnetic tape,
semiconductor memory such as read-only memory (ROM),
and/or any transmitting/receiving medium, such as the Inter-
net or other communication network or link. The article of
manufacture containing the computer code may be made
and/or used by executing the code directly from one
medium, by copying the code from one medium to another
medium, or by transmitting the code over a network.
[0121] These computer programs (also known as pro-
grams, software, software applications, “apps”, or code)
include machine instructions for a programmable processor,
and can be implemented in a high-level procedural and/or
object-oriented programming language, and/or in assembly/
machine language. As used herein, the terms “machine-
readable medium” and “computer-readable medium” refer
to any computer program product, apparatus and/or device
(e.g., magnetic discs, optical disks, memory, Programmable
Logic Devices (PLDs)) used to provide machine instructions
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and/or data to a programmable processor, including a
machine-readable medium that receives machine instruc-
tions as a machine-readable signal. The “machine-readable
medium” and “computer-readable medium,” however, do
not include transitory signals. The term “machine-readable
signal” refers to any signal used to provide machine instruc-
tions and/or data to a programmable processor.

[0122] As used herein, a processor may include any pro-
grammable system including systems using micro-control-
lers, reduced instruction set circuits (RISC), application
specific integrated circuits (ASICs), logic circuits, and any
other circuit or processor capable of executing the functions
described herein. The above examples are example only, and
are thus not intended to limit in any way the definition and/or
meaning of the term “processor.”

[0123] As used herein, the terms “software” and “firm-
ware” are interchangeable, and include any computer pro-
gram stored in memory for execution by a processor, includ-
ing RAM memory, ROM memory, EPROM memory,
EEPROM memory, and non-volatile RAM (NVRAM)
memory. The above memory types are example only, and are
thus not limiting as to the types of memory usable for
storage of a computer program.

[0124] In another embodiment, a computer program is
provided, and the program is embodied on a computer-
readable medium. In an example embodiment, the system is
executed on a single computer system, without requiring a
connection to a server computer. In a further example
embodiment, the system is being run in a Windows®
environment (Windows is a registered trademark of Micro-
soft Corporation, Redmond, Wash.). In yet another embodi-
ment, the system is run on a mainframe environment and a
UNIX® server environment (UNIX is a registered trade-
mark of X/Open Company Limited located in Reading,
Berkshire, United Kingdom). In a further embodiment, the
system is run on an iOS® environment (i0S is a registered
trademark of Cisco Systems, Inc. located in San Jose,
Calif.). In yet a further embodiment, the system is run on a
Mac OS® environment (Mac OS is a registered trademark
of Apple Inc. located in Cupertino, Calif). In still yet a
further embodiment, the system is run on Android® OS
(Android is a registered trademark of Google, Inc. of Moun-
tain View, Calif.). In another embodiment, the system is run
on Linux® OS (Linux is a registered trademark of Linus
Torvalds of Boston, Mass.). The application is flexible and
designed to run in various different environments without
compromising any major functionality.

[0125] In some embodiments, the system includes mul-
tiple components distributed among a plurality of computer
devices. One or more components may be in the form of
computer-executable instructions embodied in a computer-
readable medium. The systems and processes are not limited
to the specific embodiments described herein. In addition,
components of each system and each process can be prac-
ticed independent and separate from other components and
processes described herein. Each component and process
can also be used in combination with other assembly pack-
ages and processes. The present embodiments may enhance
the functionality and functioning of computers and/or com-
puter systems.

[0126] As used herein, an element or step recited in the
singular and preceded by the word “a” or “an” should be
understood as not excluding plural elements or steps, unless
such exclusion is explicitly recited. Furthermore, references
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to “example embodiment,” “exemplary embodiment,” or
“one embodiment” of the present disclosure are not intended
to be interpreted as excluding the existence of additional
embodiments that also incorporate the recited features.
[0127] The patent claims at the end of this document are
not intended to be construed under 35 U.S.C. § 112(f) unless
traditional means-plus-function language is expressly
recited, such as “means for” or “step for” language being
expressly recited in the claim(s).

[0128] This written description uses examples to disclose
the disclosure, including the best mode, and also to enable
any person skilled in the art to practice the disclosure,
including making and using any devices or systems and
performing any incorporated methods. The patentable scope
of the disclosure is defined by the claims, and may include
other examples that occur to those skilled in the art. Such
other examples are intended to be within the scope of the
claims if they have structural elements that do not differ
from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences
from the literal language of the claims.

What is claimed is:

1. A sensor analysis computer device for analyzing par-
ticulate matter comprising:

at least one memory; and

at least one processor in communication with the at least

one memory, and further in communication with a

sensor configured to measure particulate matter, the at

least one processor programmed to:

store a plurality of parameter data for the sensor
including a calibration factor;

receive a plurality of sensor data from the sensor;

determine a present calibration factor based on the
plurality of parameter data and the plurality of sensor
data;

determine an updated calibration factor for the sensor
based on the present calibration factor and the plu-
rality of parameter data; and

transmit the updated calibration factor to the sensor,
wherein the sensor is configured to adjust subsequent
sensor data based on the updated calibration factor.

2. The computer device of claim 1, wherein the at least
one processor is further programmed to determine the cali-
bration factor based, at least in part, on experimental testing
of the sensor.

3. The computer device of claim 1, wherein the at least
one processor is further programmed to generate the cali-
bration factor based, at least in part, on signal output of the
sensor detecting zero particles.

4. The computer device of claim 1, wherein the plurality
of parameter data includes structural data associated with the
sensor.

5. The computer device of claim 1, wherein the sensor
includes a photo resistor and an infrared emitting diode.

6. The computer device of claim 1, wherein the sensor
includes a plurality of lasers, wherein the lasers are config-
ured to each provide different scattering signals of a detected
particle.

7. The computer device of claim 1, wherein the at least
one processor is further programmed to receive sensor data
from a high-resolution sensor and use the sensor data from
the high-resolution sensor to calculate the calibration factor.
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8. The computer device of claim 1, wherein the at least
one processor is further programmed to periodically deter-
mine the updated calibration factor based on subsequent
sensor data from the sensor.

9. The computer device of claim 1, wherein the at least
one processor is further programmed to:

receive a sensor signal from the sensor; and

apply the updated correlation factor to the received sensor

signal to determine an adjusted sensor signal.

10. A system for analyzing particulate matter comprising:

a plurality of sensors configured to measure particulate

matter; and

a sensor analysis computer device in communication with

the plurality of sensors comprising at least one memory

and at least one processor in communication with the at

least one memory, the at least one processor pro-

grammed to:

store a plurality of parameter data for the plurality of
sensors including a calibration factor for each sensor
of the plurality of sensor;

receive a plurality of sensor data from the plurality of
sensors;

determine a plurality of correlations between the plu-
rality of sensors based on the plurality of sensor data;
and

update at least one of the plurality of calibration factors
based on the plurality of correlations.

11. The system of claim 10, wherein the sensor analysis
computer device is further programmed to transmit the at
least one updated calibration factor to the corresponding
sensor, wherein the corresponding sensor is configured to
adjust subsequent sensor output based on the updated cali-
bration factor.

12. The system of claim 10, wherein the sensor analysis
computer device is further programmed to:

receive a sensor signal from each sensor of the plurality

of sensors; and

apply the corresponding calibration factor to the received

sensor signal to determine an adjusted sensor signal for
each of the plurality of sensor signals from the plurality
of sensors.

13. The system of claim 10, wherein the plurality of
sensors are each the same type of sensor.

14. The system of claim 10, wherein the sensor analysis
computer device is further programmed to receive the sensor
data wirelessly from each of the plurality of sensors.

15. The system of claim 10, wherein the plurality of
sensors are low-cost sensors.

16. The system of claim 10, wherein the sensor analysis
computer device is further programmed to receive sensor
data from a high-resolution sensor and use the sensor data
from the high-resolution sensor to calculate the calibration
factor.

17. The system of claim 10, wherein the sensor analysis
computer device is further programmed to generate a spatial
temporal map of the particulate matter in an area define by
the plurality of sensors.

18. The system of claim 10, wherein the sensor analysis
computer device is further programmed to periodically
determine updated calibration factors for the plurality of
sensors based on subsequent sensor data from the corre-
sponding sensors.
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19. The system of claim 10, wherein at least one sensor of
the plurality of sensors includes a photo resistor and an
infrared emitting diode.

20. The system of claim 10, wherein at least one sensor of
the plurality of sensors includes a plurality of lasers, wherein
the lasers are configured to each provide different scattering
signals of a detected particle.
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